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Abstract

ABSTRACT
The aim of this study is to investigate various nano-structured metal oxides (MO, M =

Co, Ni and Sn) prepared by the in-situ spray pyrolysis technique as anode electrodes i

lithium-ion rechargeable batteries. Today's research on anode materials for the Li-ion

technology is mainly focused on (a) enhancing the electrochemical characteristics of t

carbonaceous anode electrode by chemical (pyrolytic processing of organic materials) o

physical (mechanical milling of carbons) means and (b) finding alternative materials t
substitute for the presently used carbonaceous anode electrode composites. Various

nano-structured transition-metal oxides and tin oxides have been proven to be promisin

anodes since the compounds can deliver much higher reversible capacities than graphite
and generally have good cycle stability. These could be prepared by various methods
such as sputtering, the spray method, chemical vapor deposition, vacuum evaporation,
electron beam evaporation and sol-gel techniques. Spray pyrolysis is a versatile
technique for in-situ production of various materials, which has the following
advantages: (a) one-step, simple, with cheap equipment; (b) universal precursors
(inorganic, organic or metal-organic compounds); (c) easy and precise composition
control; (d) various film morphologies possible; and (e) accurate control of the
deposition kinetics. Characterization of nano-structured C03O4, CoO, NiO and Sn02

prepared by the in-situ spray pyrolysis technique and their electrochemical properties
anode materials for lithium secondary batteries were studied systematically. Sn02
carbon composite was tested as a novel anode material, and promising improvements
were achieved.

v

Chapter 1 Introduction

CHAPTER 1 INTRODUCTION

This study is targeted on in-situ processing and full, chemical, physical and electrochemi
characterization of nano-crystalline metal oxide materials (MO, M = Co, Ni and Sn) for
battery applications using the spray pyrolysis method. Due to the intense development of

portable electronic devices and the aim of the practical electric vehicle, the preparatio

batteries with higher electrochemical performance is of great interest. Among them, lithi

ion batteries are emerging as a new generation of rechargeable batteries for power sources

of portable electronics. In recent years, spray pyrolysis has been developed into a powerf

tool to synthesize a variety of electro-ceramic materials. The synthesis always starts fro
aerosol generation of liquid precursor. This aerosol is subsequently directed either into

pyrolysis chamber in order to form a powder or towards a heated substrate in order to form
thin films. It bridges gas-phase techniques and liquid techniques, and combines many

superb features of the two kinds of techniques, having the following advantages: (a) simpl

cheap equipment, (b) wide choices of precursors, (c) easy composition control, (d) diverse
film morphologies possible, and (e) ease of up-scaling. Nano-structured transition-metal
oxides (MO, M is Co and Ni), Sn02 and Sn02 carbon composite were prepared by the spray
pyrolysis method. Characterization of the electrochemical properties of Co304, CoO, NiO

and Sn02 as anode materials for the lithium secondary battery were studied systematically.
Sn02 carbon composite as a novel anode material was produced by spraying tin chloride
precursor solution with sugar added and characterized with electrochemical testing.

1

Chapter 1 Introduction

Chapter 2 of the present study commences with an overview of the history of lithium

secondary batteries and the significance of the search for alternative anode materials for
lithium batteries. The fundamental synthesis methods to prepare oxide ceramics and
especially the spray pyrolysis technique as a promising in-situ method are then
systematically reviewed.

Chapter 3 describes the experimental methods and procedures used in this study, and the
materials and chemicals chosen to fulfill the research work.

Chapter 4 presents the in-situ fabrication of nano-structured ceramic oxides (C03O4, CoO,
NiO, Sn02 and Sn02 carbon composite) by the in-situ spray pyrolysis technique, and the
characterization and investigation of the nano-structured particles.

The electrochemical properties of MO (M = Co, Ni and Sn) powders prepared by the spray

pyrolysis technique as anode materials for lithium secondary batteries are investigated in
Chapter 5. Nano-structured Sn02 carbon composite was prepared from spraying tin
chloride precursor solutions with sugar added. Promising improvements of electrochemical
properties of Sn02 were found by using the in-situ spray pyrolysis technique, which could
fabricate a better Sn02 and carbon mixture than the classical methods.

Chapter 6 gives an overview and summary of the study and suggestions for further
investigations.

2
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CHAPTER 2 LITERATURE REVIEW

2.1 Introduction to secondary lithium batteries
2.1.1 Development of lithium batteries

Rapid development of new technologies, such as portable consumer electronics and
electric vehicles, has generated the need for batteries that provide both high energy
density and high power capability. Considering thermodynamic reasons, lithium shows a

chemical and electrochemical behavior which favors it for selection as an anode mater
to be used in high-energy and high-power batteries.

Lithium metal has a very large theoretical capacity of 3860 mAhg"1, in contrast to the
value of 480 mAhg"1 for cadmium and 372 mAhg"1 for AB5 metal-hydride alloy
(Murphy, 1979). Lithium is much more electropositive than hydrogen, with a high
standard potential which allows the realization of significantly higher voltages. In
addition, lithium possesses a low density and hence low electrochemical equivalent
weight (Li: 0.259 gA'V; Cd: 2.10 gA"V; AB5: 3.30 gAV).

During the past decades lithium rechargeable batteries, using lithium metal as the an
and intercalation compounds as the cathode, have been intensively studied. The

difficulties associated with the use of metallic lithium stem from the changes that o

after repetitive charge-discharge cycling and from its reactivity with the electrolyt

thermal stability of lithium metal foil in many organic electrolytes is good, with mi

3
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exothermic reaction occurring up to temperatures near the melting point of lithium
(180 °C). However, during recharge, lithium is electroplated onto the metallic lithium
electrode, and forms a more porous deposit with a larger surface area than the original

metal, which significantly increases its reactivity and lowers the thermal stability li
the system. Therefore, the cells become increasingly sensitive to abuse as they are

cycled. Another disadvantage is the short cycle life. This happens because lithium is no
thermodynamically stable in the organic electrolytes and the surface of the lithium is
covered with a film of the reaction products between the lithium and the electrolyte.
Every time the lithium is stripped and replated during the discharge and charge, a new
lithium surface is exposed and then passivated with a new film, consuming lithium. In

order to obtain a reasonable cycle life, a three- to five-fold excess of lithium is req
which increases safety challenges. To overcome these problems, a safer approach is to
replace lithium metal with a lithium intercalation compound, usually a carbon one

(Lazzari and Scrosati, 1980). In 1990, the so-called 'rocking-chair' or 'lithium-ion' (L
ion) battery was put on the market by Sony Energetic Inc. (Nishi, 1998). In the Li-ion
battery, lithium ions swing between the carbon anode and the layered, highly oxidizing
cathode through an organic liquid electrolyte dissolving inorganic lithium salt, like a
rocking chair rocking from side to side. The principal concept is based on the
intercalation reaction and is rather different from conventional secondary batteries,
which are based on chemical reactions.

A well known typical Li-ion cell, in which a lithiated carbon intercalation material
(LixC6) is used as the negative electrode, a lithiated transition metal intercalation
compound (lithium cobaltite, LiCo02) is used as the positive active material, and an

4
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aprotic organic solution (lithium salt LiPF 6 dissolved in mixed propylene carbonate (PC)
-ethylene carbonate (EC) solvent) as the electrolyte, is expressed as follows (Scrosati
andMegahed, 1993):

UA/LiPFeinPC - EC/Lij^CoOz

The reactions at the electrodes and the overall cell reaction can be represented by the
following equations:

Positive: LiCo02 — Lii_xCo02 + *Li+ + jce"
Negative: C + xlA+ + xe~ ~ Li^Cg
Overall: LiCo02 + C - Li*C6 + Li^CoOz

Lithium ions move back and forth between the positive and negative electrodes during
charge and discharge. At the negative electrode, the electrochemical process is the
uptake of lithium ions during charge and their release during discharge, rather than

lithium plating and stripping. As metallic lithium is not present in the cell, Li-ion ce
are less chemically reactive and have a longer cycle life than cells containing metallic
lithium. The reaction mechanism of the Li-ion cell is shown graphically in Fig. 2-1.

5

Chapter 2 Literature Review

Electrolyte
Fig. 2-1 Schematic diagram of the principles of a Li-ion rechargeable cell
(Nishi, 1998).

Lithiated carbon is air-sensitive. In practice, the Li-ion cell is manufactured in a fu
discharged state. The fabrication procedure is based on the use of a lithium-rich
intercalation compound as the cathode (positive electrode). The cell is assembled by
coupling this lithium-rich or lithium source cathode compound with a lithium- accepting

anode (negative electrode). The cell is 'activated' by charging, which transfers lithium
ions from the cathode to the anode that is thus lithiated. Most powdered intercalation
compounds are pyrophoric when loaded with lithium. However, lithium will not

deintercalate to react with air or moisture if it is sufficiently bound in the intercal
compound. Lithium intercalation compounds such as Lii.JCCo02 (0 < x < 0.5), LixNi02 (0

6
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< x < 0.5), and L i x M n 2 0 4 (0 < x < 0.85), are generally air stable w h e n the chemical
potential is less than 3.6 eV.

The specific energy density of a Li-ion battery with high discharge voltage (3.6 V) is
nearly twice as high as for the Ni/Cd battery, and about 60% higher than for Ni/MH

batteries. In addition, the Li-ion battery has demonstrated excellent cycle life and mu
improved intrinsic safety.

2.1.2 Anode materials of lithium batteries

Carbon materials can reversibly accept and donate significant amounts of lithium

without affecting their mechanical and electrical properties. Lithiated carbon also has
Fermi energy only about 0.5 eV below that of lithium metal. Therefore, in the Li-ion
cell, carbon is used for the anode instead of metallic lithium, and thus the
electrochemical cell will have almost the same open-circuit voltage as one made with
metallic lithium.

The carbon anode is a key component of the Li-ion battery, and various carbon materials
ranging from graphite to amorphous carbon have been proposed. Graphite has a layered

structure. The graphite can be reduced by electrochemical intercalation with lithium in
an aprotic organic electrolyte containing lithium salts to form LiC6 with a capacity of
372 mAhg"1. The formed LiC6 can be electrochemically oxidized by lithium
deintercalation. Graphite is a passable material as an anode; however, some drawbacks
have been observed, including limitation of capacity, anode bulging, and poor

7
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cyclability. F r o m the viewpoint of materials science as well as battery applications,

carbon attracts much interest because of its variety of structures. It is the structure

plays the most important role in electrochemical performance and is responsible for the
diverse characteristics of carbon.

Carbons bind themselves together by sp3*, sp2, and sp hybrid orbitals, forming many
kinds of organic compounds. However, the carbon materials discussed here are mainly
built up by sp bonding (Tran et al., 1995). Repeated sp bonding forms a large network

of 6- ring structures leading to a two-dimensional graphene sheet. The stacking order o
these graphene sheets is important; van der Waals forces bind the sheets together
forming layered crystalline structures. The ideal stacking order of graphite has two
patterns: carbon positioned in the ABAB pattern has hexagonal symmetry with space
group P(y>,lmmc, while the ABCABC pattern has rhombohedral symmetry with R3m. Fig.
2-2 schematically displays the crystal structure of hexagonal graphite showing the AB
graphene layer stacking sequence and the unit cell. Natural graphite usually comprises

these two crystal structures, but the rhombohedral phase is below 3-4%. For graphite, t
weak van der Waals force between layers enables the planes to slide easily. Practical
carbon materials generally have varying degrees of stacking faults resulting in carbon
atoms deviating from regular positions, and periodic stacking is no longer maintained.
general, carbon materials capable of lithium intercalation can be roughly divided into
graphitic carbon and nongraphitic carbon. Graphitic carbons are carbonaceous materials

with layered structure but also with some structural defects (turbostratic orientation)

The graphitic carbons are commonly called 'graphite' regardless of stacking order, sinc
perfectly stacked graphite crystals are practically not available.

8
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B

Fig. 2-2 Hexagonal graphite
A lithium cell with the trademark Stalion announced by Fujifilm Celltec Co. has
attracted significant interest (Weydanz et al., 1994), because it provides a higher

density, as shown in Fig. 2-3, a promising cycle life, and a higher power density. T
improvement is achieved by replacement of the carbon anode with an amorphous tinbased composite oxide (TCO or ATCO).
STALION
U-ton cell
(TCO~8H(xJe)

400

-7 30CH

common Li-tco c#tt
(carbon anoaej

|
'2 TOO

m

I#J

SO
100
Specific energy ( W h kg" 1 )

ISO

Fig. 2-3 Energy density comparison for Ni/Cd, N i / M H , and Li-Ion rechargeable
batteries. T C O : amorphous tin-based composite oxide (Weydanz et al., 1994).
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Investigations aimed at finding alternative materials to substitute for the presently used
carbonaceous anode electrode composites have been undertaken by many research

groups. The specific energy capacity of the Li-ion system depends largely on the type of
anode material, the lithium intercalation efficiency, and the irreversible capacity

associated with the first charge process. Various nano-structured transition-metal oxid
and tin-based oxides have been proven to be promising anodes since the compounds can
deliver much higher reversible capacities than graphite and generally have good cycle

stability. It has been found that nano-particles of transition-metal oxides (MO, where M
is Co and Ni) demonstrate electrochemical capacities as high as 700 mAhg"1 with a
100% capacity retention up to 100 cycles, which was reported in Nature (Poizot, et al.

2000). Sn02 based electrodes have been of particular interested because they can deliver
very high capacity (~ 700 mAhg"1 at a rate of 8C) and still retain the ability to be
discharged and charged for 800 cycles (Li, Martin and Scrosati, 2001). These oxide
ceramics are promising anode materials for secondary lithium batteries. Graphite tinbased oxide composites also have good electrochemical properties as potential
alternative anode materials. Therefore, the preparation of these oxides and composites
has become an essential issue for their application as anode materials for secondary
lithium batteries.

2.2 Fundamental synthesis methods to prepare oxide ceramics

Oxides are generally stable, possessing complex structures and exhibiting unusual
properties. Several methods described below can be used to synthesize these materials.

10
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2.2.1. Solid-state approach

This is the conventional method for synthesizing ceramic materials and consists of
mixing and grinding raw materials in a ball mill or with a mortar and pestle. The mixture
is then heat-treated at high temperatures to yield the desired ceramic. It is a convenient
and preferred method for synthesizing ceramics, but it suffers from several limitations.
The prolonged high-temperature treatments required to achieve complete conversion and
stabilization of the desired phases preclude the generation of metastable structures with
precise control of grain size, stoichiometry, phase purity, crystal structure, and
microstructure. Hence the method cannot be used to fully exploit microstructure-related
properties of the materials. Incomplete conversion and the incorporation of contaminants
are other factors limiting the methods. The past several years have witnessed efforts to
identify alternative approaches to synthesizing oxide ceramics.

2.2.2. Chemical-based solution approaches

These methods involve chemical reactions conducted at low temperatures (25-100 °C) in
the presence of a liquid solvent. Inorganic or organometallic salts are generally selected
as the reactants. The reactions in solution result in excellent molecular-level mixing of
the components. In addition, selection of the appropriate precursors and control of the
reaction chemistry can help to generate amorphous precursors containing molecular
coordinations similar to those observed in the final ceramic. G o o d control of the
structure, phase, and microstructure of the particles can thus be achieved. Excellent

3 0009 03311861 8
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mixing also promotes diffusion at scales of =100 A enabling high-temperature materials
to form at moderate (< 1000 °C) temperatures. There are several chemical-based
methods.

(a) The sol-gel method
This is the most popular method for synthesizing oxide ceramics and glasses with

varying degrees of control of stoichiometry, phase purity, and microstructure. Since it
applicability for ceramics was first demonstrated by Roy (1956), it has become the
hallmark method for synthesizing a variety of oxides. The approach is based on
hydrolyzing metal alkoxides followed by polymerization and condensation to yield

amorphous metal oxides. The use of catalysts, complexing agents, and different types of
solvents alter the kinetics of these reactions leading to the generation of extremely
nanostructured particles with unique morphologies. Common complexing agents include
acetic acid and P-diketonates. These complexing agents control the reactions, thereby

increasing the gel time and controlling the particle size while also varying the exten

the polymerized chains in the gel solution, rendering it amenable to dip and spin-coati
to form oxide films. The approach has emerged as the method of choice for synthesizing
a vast range of ceramics and glasses for electronic, optical, magnetic, and

electrochemical applications. Several articles and texts provide an exhaustive descrip
of the process and its applications (Brinker and Scherer, 1990; Thomas, 1988; Wood and
Dislich, 1995).

While traditional sol-gel approaches involve metal alkoxides, factors of cost, polymeri

nature, and moisture sensitivity of alkoxides have led to the identification of alterna
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nonalkoxide-based approaches for synthesizing materials without losing the sol-gel

attributes. The particulate sol-gel (PSG) approach to synthesizing LiNi02, a lithium-ion
electrode (Chang et al, 1998), is a good example of a nonalkoxide process. The oxide is
obtained by the reaction of LiOH and Ni(CH3COO)2 in the presence of water and
methanol. A gel is formed by the Ni(OH)(CH3COO) species undergoing OH-OCH3
exchange. The reaction between large-grained Li2C03 and NiO is kinetically hindered,
yielding a defective and incompletely transformed, electrochemically inferior LiNi02,
whereas excellent mixing of the intermediate nanocrystalline Li2C03 and NiO products
in the PSG process results in the formation of defect-free stoichiometric LiNi02 with
good electrochemical properties.

(b) Colloidal precipitation
This is a classical method for synthesizing several crystalline and amorphous oxides.

The procedure consists of solubilizing inorganic or organometallic salts of metals in a
aqueous or nonaqueous solvent followed by hydrolysis using strong hydrolyzing agents
such as NH4OH or NaOH. In most cases, the precipitated hydroxides are heat treated to

yield the oxides. In some cases such as barium titanate, oxalate precipitates derived f
a solution of chlorides or nitrates are decomposed to form the oxide (Reed, 1998).

Precipitation is induced when the solubility product, Ksv is exceeded. The precipitation
approach has been exploited extensively by Matijevic (Ellis and McNamara, 1989) for
synthesizing a vast array of uniform, homogeneous and monosized particles of oxides
and nonoxides. The kinetics of the reactions are controlled to induce uniform growth of

a single burst of nuclei yielding spherical particles with a narrow size distribution i
range of 0.5 pm.

13
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(c) Intercalation and ion exchange
These are important approaches for synthesizing several layered compounds and involve

hosting a variety of guest molecules in the cavities, channels, or interlayer spaces of
oxides and sulfides (Rao, 1994). Many of these reactions are topochemical, governed by
orientation relationships rather than involving major changes in crystal structures.

Characteristic intercalation reactions are those of the transition metal oxides LiM02 (

= Ni, Co, V, and Mn). Insertion and removal of Li+ results in alteration of the oxidatio

state of the transition metal leading to an electrochemical potential which is the bas

lithium-ion batteries. Ion exchange is also effective in yielding new oxides as seen in
A1203 (Na20-«A1203, n = 5-11) and NaMn02 where other cations in the former and
lithium in the latter can exchange sodium.

(d) Hydrothermal and solvothermal processes
These are powerful methods for synthesizing oxides and involve reactions that occur in
the presence of a solvent under supercritical conditions or close to such temperaturepressure domains (Demazeau, 1999). The physico-chemical properties of the solvent

under varying temperature and pressure can alter diffusion of chemical species resulti
in the stabilization of novel structures that are difficult or impossible to obtain via
standard techniques. The term 'hydrothermal' is given to reactions performed in the
presence of water (Lencka and Riman, 1993). A variety of ferroelectric oxides
[Pb(Mgi/3Nb2/3)03], spinels (LiMn204), giant magnetoresistive oxides
(Lao.5oBao.5oMn03), and phyllosiloxides (KMg2AlSi40i2), a new class of bidimensional
oxides, has been obtained by this method.

14
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(e) Topochemical methods
These methods are based on reduction and oxidation reactions conducted on the parent
system leading to a homologous series of compounds (Rao, 1994). The reactions are
governed by orientation changes in the parent oxide. Examples can be seen in LaNi03
and LaCo03, wherein the formation of the homologous series La„B„03„_i (B = Ni, Co) is
promoted by reduction of the parent oxide LaB03 (B = Ni, Co) in hydrogen. The parent
oxide is recovered by oxidation. The high-temperature superconductor phase,
YBa2Cu307 can be reduced to YBa2Cu306 by a similar topochemical reaction. A similar

topochemically induced relationship is observed in the transformation of the perovskit
like phases of the manganites Ca2Fe2-;CMnx06->, (y < 1), belonging to the homologous
series A„B„03 „.i (n = 3; A = Ca, Fe; B = Mn), to the brownmillerite structures.

(f) Thermal decomposition of precursors
This approach is suitable for synthesizing mixed metal oxides by decomposition of a
single solid precursor containing all the individual components (Rao, 1994). A major
advantage is the reduced diffusion distances of the multiple ions. Thus thermal
decomposition of LaCo(CN)6.5H2 O and LaFe(CN)6.H20 in air readily yields LaCo03
and LaFe03. Similarly, BaTi03 and LiCr02 can be obtained by decomposing the
precipitated oxalates Ba[TiO(C204)2] and Li[Cr(C204)2(H20)2]. Single-phase solid
solutions of the monoxides Mm JVLO (M = Mg, Ca, Co, or Cd) possessing the rock-salt
structure are also obtained by decomposing isostructural carbonates of the metals.
Similarly, ternary and quaternary oxides of the perovskite and the brownmillerite
families can be obtained. Perovskite and related oxide structures containing mixed

15
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metals can also be obtained by decomposing hydroxide, nitrate, and cyanide solid
solutions.

(g) Pechini process
This method has been used for synthesizing over 100 mixed metal oxides including
lanthanum manganite for solid oxide fuel cells and BaTi03 (Lessing, 1989). Unlike the

sol-gel process in which the metal alkoxide participates in the gel-forming reactions th

process is based on a gelation reaction between the alcohol and acid used as solvents. A
polymeric resin containing a good distribution of cations is obtained which yields the

oxide upon calcination. The use of polyacrylic acid with higher functionality results in

highly cross-linked resins containing a more uniform distribution of the reacting cation
The gel structures can be varied depending on the acid-to-alcohol ratio. A low organic

content is preferred to decrease the calcination time and temperature in order to obtain
fine-grained materials with low carbon contents.

(h) Microemulsion techniques

The approach is based on the immiscibility of organic liquids (oils) and water resulting

in droplets. An oil-in-water emulsion is generated if the first liquid is oil and the se

is water, and water-in-oil if the sequence is reversed. Macroemulsions are turbid due to
the large droplet size (>1 um). Microemulsions are thermodynamically stable and are
transparent, created by modifying the oil and water interface using surfactants. The
droplets are smaller than 0.15 pm. A water-in-oil microemulsion or a reverse micelle
microemulsion contains hydrocarbon chains with their polar heads pointing inwards.
The central portion is the aqueous phase in which inorganic reactions can be conducted
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to yield several oxides (Osseo-Asare and Arriagada, 1990). Alteration of the p H can
result in folding of the micellar regions to form microtubules. Sol-gel reactions
conducted around the cylindrical micelles after calcination lead to oxide tubules.
Mesoporous Si02 has been obtained in this fashion for catalytic applications (Kresge et
ah, 1992).

(i) Other techniques
Several modified approaches have emerged, some of which include spray pyrolysis .and
aerosol decomposition. In these methods the clear sol containing colloidal particles or

clear solution of metal salts can be atomized to form droplets that can be pyrolyzed in a

furnace to yield metal oxides. Nebulization leads to a mist or an aerosol containing fin
sized droplets that are decomposed to form oxides. Transparent conducting oxides (e.g.,
Sn02) (Chawla et al, 1983) and other oxides have been obtained. In this work, spray

pyrolysis will be discussed in detail for in-situ preparation of nano-structured ceramic

Other techniques include mechanochemical approaches (Gaffet et al, 1999) based on
high-energy mechanical milling of oxide precursors to yield nano-structured solid
solutions. A variety of oxides such as mullite, calcia and yttria-doped Zr02, zircon and
A1203, Zr02, Zr02-MgO solid solutions, and LiM02 (M = Ni, Co) has been obtained.
Other methods include self-propagating high-temperature combustion and flame
synthesis methods to yield oxides. The former involves sustained use of an exothermic

oxidation reaction initiated by ignition which sets up a combustion front that assists i
the reaction. The latter is an extension of combustion involving the oxidation of SiCL
and A1C13 to yield oxides (Lin et al, 1999, Chung et al, 1990).
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2.3 Review of the spray pyrolysis technique

Spray pyrolysis is a versatile technique for producing various materials in a wide range
of composition, size and morphology. In spray pyrolysis, the average size and size

distribution of the final particles can be roughly determined by the concentration of th

precursor solution, the size of the atomized droplet and the initial concentration of th
starting solution. Applications of spray pyrolysis for thin films and powders have been
investigated intensively for battery use and also for other applications. There are two

main kinds of spray pyrolysis apparatus to prepare the films. One is illustrated in Fig.
4. Compressed air is used to atomize a solution containing the precursor compounds
through a spray nozzle over the heated substrate. The electrostatic spray deposition
(ESD) technique is another method used to prepare thin films. A schematic diagram of
the ESD system is illustrated in Fig. 2-5. A high voltage between the nozzle and the

substrate atomizes the precursor solution at the orifice of the nozzle generating a fine
aerosol spray.

n\

rs

0)

(3)

Syringe/Syringe Pump

(2)
j

3C1J

Fig. 2-4 Spray pyrolysis system used
to prepare the films. (1) Compressed
air supply. (2) Syringe p u m p and
controller. (3) Spray nozzle. (4)
Substrate holder. (5) Temperature
controller. (6) Step motor and
controller.

Fig. 2-5 A schematic diagram of the
electrostatic spraying deposition (ESD)
system.
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Applications of the spray pyrolysis method

for powders, e.g. preparation of

cathode/anode materials for batteries or other applications, have been reported in a
number of papers. There are two kinds of typical experimental apparatus, in horizontal
and vertical configurations. The apparatus is divided into three parts, the droplet
generator, the pyrolysis reactor and the particle collector. Fig. 2-6 shows a schematic
diagram of a vertical experimental apparatus. A tubular furnace with six independently
controlled heating zones was used in this apparatus.

I? Electric furnace
13: D.CL hirfi
Filter
wattage supplier
f|g*ra»er
14: Electrostal is
II Itrason i c nebtil izer
precipitator
Peristaltic puwp
i$: Cold % m
Solution
IS: Vacuus purp
fciip
Til 2 Gas tsraperafura
Water bath
irrii cater
Insists ion cooler Tei~T<^: Taiperatis'e
Reactor tile
control i&r

Fig. 2-6 Schematic diagram of the experimental apparatus, vertical configuration.
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The ultrasonic spray pyrolysis method is the typical technique used in this area. A
schematic diagram of the horizontal experimental apparatus is shown in Fig. 2-7.

1. Air b o m b
2. Packed column
3. Fitter
4. Flowmeter
5. Ultrasonic nebulizer
6. Peristatic p u m p
7. Solution
8. Water bath
9. Immersion cooler
tO. Reactor tube
11. Electric furnace
, 12. D.C. high voltage
supply
13. Electrostatic
precipitator
14. Cold trap
15. V a c u u m p u m p

Fig. 2-7 Schematic diagram of experimental apparatus, horizontal
configuration.

2.3.1 Spray deposited thin films for batteries

Electrostatic spray deposition ( E S D ) has been developed in order to prepare thin layers
of solid electrolytes and cathode materials for lithium batteries. The 4-volt cathode
material LiCo02 was prepared by spraying alcohol solutions of nitrates and acetates of

cobalt (Chen et al, 1996). ESD set-ups, with either horizontal or vertical configurations
were used. Natarajan, Fukunaga and Nogami (1998) also reported the preparation of

lithium cobalt (III) oxide films by a spray-coating process. Lithium and thin-film lithi
cobalt (III) oxide (LiCo02) were employed in a 2/3 A-size rechargeable battery as
negative and positive electrodes. The cell capacity reached 0.16 Ah/g. LiCo02 films
have been prepared on Pt-coated alumina substrate by the electrostatic spray deposition
technique (Yoon et al, 2001). The ESD method has allowed us to prepare single-phase
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H T - L i C o 0 2 films at temperatures as low as 600°C. Cycling tests showed that the
LiCo02 film deposited by the ESD method has very stable cycling characteristics. From
observation of the Co K-edge XANES spectra of cycled LiCo02, it was found that
LiCo02 films deposited by the ESD method do not show any changes in the local
geometry and electronic structure around the Co atoms after electrochemical cycling.

Electrostatic spray deposition (ESD) has also been employed to prepare thin layers of
Lii.2Mn204 (nominal composition) and BPO4:0.035Li2O for all-solid-state thin film
lithium-ion batteries (Chen, Kelder and Schoonman, 1997). LiMn204 films have been
prepared using an electrostatic spray deposition (ESD) technique at 400 °C (Shu et al,
2003). It was found that the formation of a new surface film leads to abnormal behaviour

during the first oxidation cycle, which changes the charge-transfer and surface resistan
during the electrochemical processes. The use of a spray pyrolysis technique was
successful in preparing both LiCo02 and LiMn04 on substrates heated to temperatures
as low as 400°C (Fragnaud et al, 1995).

Amorphous tin-oxide films were prepared by spray pyrolysis from aqueous solutions of
SnCl2-2H20 acidified with acetic acid and deposited on stainless steel substrates at
350°C (Ayouchi et al, 2000). These films were tested as electrodes in lithium cells,
where they exhibited good cycling properties over extended cycles. Heating the films to

600°C suppressed their reversible capacity through migration of tin to the bulk substrat
Tin oxide thin films were prepared by electrostatic spray deposition at 400°C
(Mohamedi et al, 2001), followed by annealing at 500°C in air. X-ray diffraction and Xray photoelectron spectroscopy revealed that the resulting films were amorphous Sn02.
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The S n 0 2 film electrodes exhibited reversible capacities greater than 1300 mAhg" 1 when
cycled between 0.05 and 2.5 V at 0.2 mA cm"2. Tin (TV) oxide thin films with high
transparency, high conductivity and high crystallinity were synthesized from tetra-Hbutyltin (TV) by the spray pyrolysis deposition technique. (Okuya et al, 2001) The
substrate temperature was successfully reduced as low as 340°C by adding hydrogen
peroxide to the source solution. These findings would make it possible to employ low

melting point materials such as soda lime glass and plastic as substrates for transpare
electrodes.

Thin films (~ 50 u\m) of PbO highly oriented along the [1 0 1] direction deposited on Ca
and Sn-alloyed lead sheets were prepared by spray pyrolysis of a 0.5 M
Pb(CH3COO)2-3H20 solution followed by heating at 260 °C for 24 h (Cruz et al, 2002).
These films were tested as active materials for lead-acid cells and found to preserve a
uniform coating after soaking, curing and PAM electrochemical formation. Cells
exhibited the expected charge and discharge curve shapes and maintained a discharge
capacity of ~ 100 Ah/kg upon extended cycling.

A recent study establishes a simple method to deposit anatase-Ti02 film by spray
pyrolysis of aqueous peroxo-titanium complex solution (Chang et al, 1995). The Ti02
films were deposited at different substrate temperature from 200 to 400°C. Film
deposited at less than 200°C was amorphous, and film deposited at more than 300°C was
polycrystalline, with an anatase form as shown in the X-ray diffraction pattern. The
scanning electron microscope image shows that the film is highly microporous. The

highly porous nature of the film may be preferred for application as a storage electrode
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in thin film batteries. Cyclic voltammetry

analysis shows

that lithium ion

intercalation/deintercalation occurs reversibly in the Ti02 film. The Ti02 film deposited
by this method may be used as an anode in a thin film lithium ion battery. The discharge
capacity of 65 mAhg"1 can be increased further by optimizing the film fabrication
process.

2.3.2 Spray deposited thin films for other applications

Chemical spray pyrolysis (CSP) offers a simple and inexpensive means of preparing
metal-semiconductor composite (MSC) films, such as Ag-CuInSe2, with highly unusual
optical properties (Clayton, 1997). Oftentimes, these systems may involve metals in
fairly complex semiconductors. They have been studied for possible applications as
nonlinear optical elements or photon detectors of optical radiation, among others.

Spray pyrolysis was also used to prepare solid oxide fuel cells (SOFC). Using an LSCo
powder prepared by spray pyrolysis, and selecting appropriate sintering temperatures,
the lowest cathodic polarization of about 25 mV at 300 mA/cm2 was measured for a
cathode prepared by sintering at 1000°C (Inagaki et al, 2000).

Electrochromic nickel oxide thin films were prepared from nickel chloride by using a
spray pyrolysis technique onto fluorine-doped tin oxide coated glass substrates (Kadam,
Bhosale and Patil, 2001). Transparent NiO-thin films were obtained at a substrate
temperature of 350°C. The films were cubic NiO with the preferred orientation in the
(111) direction.
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The spray pyrolysis method can also be applied to successfully prepare ionic conductors
of thorium oxide films (Mahmoud, 2002), Ti02 films (Abou-Helal and Seeber, 2002),
polycrystalline V205 and V409 thin films (Bouzidi et al, 2002), CdTe thin films

(Krishna and Dutta, 2003), strontium titanate thin films (Brankovic et al, 2003), iridiu
oxide thin films (Kawar, Chigare and Patil, 2003) and zinc oxide (ZnO) thin films
(Lokhande, Patil and Uplane, 2002).

2.3.3 Oxide powders prepared by spray pyrolysis for batteries

LiCo02 electrode materials were obtained by using the spray-drying method with acetate
precursors, which showed high electrochemical performance (Konstantinov et al, 2003).
The electrochemical performance of single-step sintered LiCo02 is excellent, with a
capacity of around 140 mAh g"1 and a remarkable cycle life showing capacity losses
below 10% for 50 cycles. These results are a consequence of the good lithiation of the
samples and possibly of the presence of a preferred orientation in the structure.

Spinel lithium manganese oxide LiMn204 powders with submicron, narrow-size-

distribution, and phase-pure particles were synthesized by the ultrasonic spray pyrolys
method from an aqueous lithium nitrate and manganese acetate solution (Taniguchi,
Song and Wakihara, 2002). Spinel LiMn204 powders were successfully synthesized at

both a constant temperature distribution (1073 K) and an increasing one in the reactor
various gas flow rates ranging from 0.5 to 4.0 dnrVmin. The effect of the axial

temperature profile in the aerosol flow reactor on the particle properties of as-prepa
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L i M n 2 0 4 powders w a s examined. It was found that the powder had a nearly uniform size
distribution. The as-prepared samples were used as cathode active materials for lithiumion batteries, and the charge and discharge curves show two distinct plateaus, which is
characteristic of a well-defined spinel LiMn204 structure and of the manganese oxide
spinel structure in general. The current discharge capacity obtained is 125 Ah/kg at the
first cycle.

LiMn204 and LiMi/6Mnii/604 (M = Co, Al and Ni) were prepared by using an ultrasonic
spray pyrolysis method (Taniguchi et al, 2002). The powders had a spherical
morphology and densely compacted interior structure. The substituted spinels
LiMi/6Mnii/604 showed a good cycle life as well. The first discharge capacity of
LiMn204 was 129 mAhg"1 at 0.2 mA/cm2, and the cycle performance was more stable
than that of LiMn204 prepared by solid state reaction. Especially for LiCoi/6Mnii/604,

the capacity loss was only 2% after 30 cycles. Thus, it can be seen that ultrasonic spray
pyrolysis is an effective method to prepare lithium manganese oxide LiMn204 and its

substituted forms with a very short reaction time. It makes it possible to obtain particl
with homogeneous composition and good electrochemical properties with a short
production time and using a simple process compared to the solid state reaction method.

Fine powders of tin oxide doped with traces of silicon in combination with highly
dispersed amorphous silicon oxide have been synthesized by an advanced ultrasonic
spray method (Huang et al, 1999). The electrochemical results showed that addition of
silicon decreases the tin oxidation state, and hence reduces the irreversible capacity
during the first discharge/charge cycle. Si02 and Li2Si03 appeared during the first
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discharging as confirmed by IR spectroscopy. Furthermore, a reversible capacity of 900
mAhg"1 to 950 mAhg"1 for these composites has been found, which is even higher than
the theoretical value (783 mAhg"1 according to Li^Sn). The chemical diffusion
coefficients of lithium in the Li-Sn alloy phases formed (Li0.4Sn, LiSn, Li3Sn7, Li35Sn
and Li4.4Sn) have been measured by the galvanostatic intermittent titration technique
(GITT). Below a Li content corresponding to Li3Sn7, a reduced voltage polarization as
well as an increased lithium chemical diffusion coefficient were observed. This
improved performance is due to an enhanced interfacial diffusion caused by highly
dispersed inert second phases, i.e., Si02 and LiSi203.

Lii+xV308 is a very promising cathode material for lithium secondary batteries. A spray
drying method has been developed to prepare Li.+xV308 (Gao, Jiang and Wan, 2003).
The V205 sol is prepared via a "quencher" method using NH4V03 as the raw material,
before mixing it with a LiOH solution. The spherical precursor is obtained by a spray
drying method. Spherical Li1+xV308 powders are synthesized by sintering the spherical
precursor. DTA/TGA is employed to analyze the precursor. The influences of the

preparation conditions, including initial ratio of Li/V, sintering time and temperature,

the crystal structure and electrochemical performance have been investigated. It has bee

determined that the Lii+xV308. particles obtained by sintering at 350°C for 24 h are fine,

spherical, narrowly distributed in size, and well crystallized, as well as having excelle
electrochemical properties.

NiO-SDC composite powder synthesized by spray pyrolysis was employed as a starting
anode powder (Ohara et al, 2000). It was found that anodic polarization was strongly
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influenced by the Ni content in N i - S D C cermets. The best results were obtained for
anode cermets with a Ni content of around 50 vol.%; anodic polarization was about 30
mV at a current density of 300 mA/cm2. This high performance seems to be attributable
to the microstructure, in which Ni grains form a skeleton with well-connected SDC
grains finely distributed over the Ni grains surfaces; such microstructure was also
conducive to high stability of the anode.

2.3.4 Oxide powders prepared by spray pyrolysis for other applications

Spray pyrolysis was used to prepare silver powders mixed with metal oxide powders,
which are used as electrical contact materials in relays, contacts, circuit breakers and
switches. ZnO/Ag composite particles for contact materials were prepared from colloidal
solutions by ultrasonic spray pyrolysis (Kang and Park, 1999). The colloidal solutions
were prepared by adding unagglomerated nanometer ZnO particles to a silver nitrate
solution. The composite particles were not hollow and had spherical morphology with an
uniform dispersion of nanometer ZnO particles inside the Ag matrix. The nanometer
ZnO particles were completely coated with silver by heterogeneous precipitation onto
the preexisting ZnO particles. The weight ratio of ZnO to Ag in the composite particles
was varied from 0.08 to 0.33 by changing the amount of nanometer ZnO particles in the
colloidal solution. The mean size of the ZnO/Ag composite particles was increased from
0.85 to 1.24 urn as the weight ratio of ZnO to Ag increased from 0.08 to 0.33.

Various techniques have been studied for producing ultrafine, eletroceramic powders,
for example, sol-gel hydrothermal and spray-pyrolysis. Twin-fluid atomisation spray-
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pyrolysis has been investigated for the production of Z r 0 2 Powders ( N i m m o et al,

2002). The atomiser used in this study has a novel internal arrangement that can produce
a spray with a mean diameter (SMD) of less than 5 urn. Spray pyrolysis tests with
zirconium nitrate as a precursor salt were performed, and the formation of Zr02 powder

was studied under substantially different heating rates and initial solution concentrati
A mean particle diameter, d(0.5), of 0.67 jim and 0.77 um was obtained for 0.05 M and
0.5 M solutions, respectively. It was concluded that the new nozzle design performed
well and was successful in producing ultra-fine Zr02 powder with a principally
tetragonal structure when the correct process conditions of heating rate and residence
time were applied.

Cordierite ceramics have applied to the fabrication of electric heater supports and
supports of catalysers for the conversion of combustion gases from engines.
Submicrometre spherical cordierite powder of high purity was synthesized by spray
pyrolysis (Janackovic et al, 1997). Si-O-Si chains were found to be formed during spray
pyrolysis. Hydrated ions of aluminium and magnesium, as well as the remaining
chloride and nitratle ions, were incorporated between Si-O-Si chains. Owing to
subsequent heating, a reaction between the Si-O-Si chains and the above mentioned ions
occurs, resulting in Si-O-M bonds (M = Al, Mg) and in the formation of both ucordierite and spinel. The crystallization of u-cordierite from the amorphous phase has

been reported at 900°C, and the phase transformation of u- into a-cordierite occurs in t
temperature range 1100-1200°C. Although the temperature gradient during thermal
decomposition of the aerosol is large, the spherical particles produced remain
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unchanged, owing to the high permeability of the branchy, chain-like net of Si0 2 for the
gases formed by the decomposition of the initial compounds.

Among the materials exhibiting high ionic conductivity, lithium ion conductors with
skeleton structures are of special interest. Submicron spherical particles of Li3Fe2(P04)3
with a homogeneous chemical composition were prepared successfully by ultrasonic
spray pyrolysis (Ivanov-Schitz, Nistuk and Chaban, 2001). Additional firing of precursor
powders is needed to complete the crystallisation. The ultrasonic spray pyrolysis (USP)
Li3Fe2(P04)3 undergoes two phase transitions, i.e. at 239 and 265°C. High-density
ceramic samples may be easily formed from USP powders using hot-pressing
techniques. The USP precursor powder mostly consists of fine spherical particles of 0.41 urn in size, with some being 1.5-2 um. It is believed that good ceramic properties make
it possible to separate bulk (RB) and grain boundary (RGB) resistances. The electrical
conductivity of USP Li3Fe2(P04)3 is ~10"8 (extrapolation) and 2.5* 10"2 Ohm"1 cm"1 at
300 and 600 K, respectively.

Spray pyrolysis of colloidal particles in a precursor solution is applicable for drying o
colloids, direct control of microstructure and size of particles, and control of
composition in particles. The properties of titania particles were modified by ultrasonic
spray pyrolysis of a metal salt aqueous solution in which titania particles were
suspended (Lee, Jung and Park, 1999). Prepared ZnO-Ti02, ZnS-Ti02, CdS-Ti02 and
Ag-Ti02 composite particles were spherical and micro-porous aggregates. These
modified particles had sizes ranging from 0.3 to 1.5 urn when the concentration of Ti02

suspended in the spray solution was 7.8 g/1, and their size and size distribution were not
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significantly changed by changing the type of modifier or the loading. The crystallite
size of the modified particles was 10-20 nm, and the crystallinity of Ti02 was not
changed by this modification process. The photocatalytic activities of modified particles
are slightly higher than for pure titania when the loading is low (-0.15 mol %), however,
as the loading is further increased, the photocatalytic activity is sharply decreased and
becomes almost constant. These results demonstrate that the surface of colloidal
particles can be modified by ultrasonic spray pyrolysis.

Spray pyrolysis can produce fine spherical particles with a narrow size distribution, high
purity and high homogeneity. Sr2Ce04 phosphor particles were prepared by ultrasonic
spray pyrolysis (Kang and Choi, 2002). The Sr2Ce04 particles had a fine size, a
spherical morphology and were non-agglomerated. The mean particle size was
controlled from a submicrometre to micrometre size by changing the concentration of
the starting solution. The addition of NH4NO3 to the starting solution was an effective
method of preparing dense spherical particles without any hollow particles or particle
fragments. The Sr2Ce04 phosphor particles maintained their spherical shape and
unagglomerated characteristics after heat-treatments at temperatures below 1000°C for 2
h. The use of spherical particles should increase the screen brightness because of the
lower scattering of the evolved light and higher packing density compared with
irregularly-shaped particles obtained by conventional methods.

LiA102 is a potential candidate for tritium breeding material in both fusion reactors and
the matrix of molten carbonate fuel cells (MCFC). Gamma lithium aluminate particles of
submicron size were directly prepared by ultrasonic spray pyrolysis from two different
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solutions (Kang, Park and K w o n , 1996). O n e was a colloidal mixture of alumina sol and
lithium salt (SI), and the other was an aqueous solution of aluminum nitrate and lithium
salt (S2). The influence of these two different types of solution on the purity of the
crystalline phase and the morphology of the particles was investigated. The pure gamma
lithium aluminate particles were prepared at 800°C from the colloidal solution (SI),
which was obtained from aluminum isopropoxide and lithium formate. The particles
prepared from the colloidal solution (SI) had purer gamma phase than that of the

particles prepared from the aqueous solution of aluminum nitrate and lithium salts (S2).
The particles prepared from the aqueous solution of aluminum nitrate and lithium salt
(S2) had smooth surfaces and a low surface area (7 m2/g), whereas the particles prepared
from the colloidal solution (SI) had rough surfaces and an high surface area (45 m /g).

Spray pyrolysis has proved itself a good method for preparing submicron metal and
metal oxide powders. The preparation of nickel particles from nickel ammine complex
was attemped by ultrasonic spray pyrolysis in the presence and absence of hydrogen
(Xia, Lenggoro and Okuyama, 2001). In the presence of H2 (about 9 vol.%), nickel
particles were formed at 500°C. Metallic Ni was also obtained, but a higher temperature
(e.g. 900°C) was needed. It is suggested that the addition of NH3-H20 and NH4HCO3 to
NiCl2-6H20 precursor changes the reaction pathway of Ni formation. By careful control,
spherical, solid and well-distributed Ni particles of about 0.5 urn were obtained at a
residence time of 7-9s in the aerosol reactor.

Spherical non-agglomerated submicrometer particles of complex composition and

controlled phase content, suitable for direct application or fabrication of high technol
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sintered materials, can be prepared by spray pyrolysis. Submicrometer N i O and Ni
powders were obtained by ultrasonic spray pyrolysis of aqueous solutions of NiCl2
followed by thermal decomposition of generated aerosols in an oxidizing or N2/H2
reducing atmosphere, respectively (Stopic, Ilic and Uskokovic, 1995). The particle sizes
of the prepared powders can be controlled by changing the reaction temperature and the
concentration of initial solutions. With pyrolysis temperatures in the range from 973 to
1273 K, non-agglomerated ideally spherical NiO and relatively spherical Ni particles
with a mean diameter of 0.5-0.8 pm were obtained. Generation of NiO particles
proceeds gradually from NiCl2-6H20 dehydration and NiCl2 oxidation to NiO formation.

Ideal spheres of NiO particles were prepared due to sufficient residence time of droplets
in the drying and pyrolysis process and due to the conditions needed for the volume
precipitation. The process of nickel formation proceeds through all previous

transformations followed by the reduction of NiO into nickel. Insufficient residence time
of droplets in the case of nickel preparation is the cause of incomplete spheroidization
particles.

Spray pyrolysis is a useful method for the preparation of spherical particles of oxides,
metals, non-oxides and even polymers. Very high homogeneity can be obtained even for
powders of very complex composition. Dense spherical Ni particles were prepared from
nitrate solution by spray pyrolysis in a H2-N2 atmosphere (Che and Takada, 1999).
Hollow NiO particles with rough surfaces were formed first at low temperature and then
reduced to Ni by H2 above 300°C. Subsequent intra-particle sintering of the Ni

crystallites gave rise to densification of Ni particles as the temperature was raised; mo
Ni particles became dense above the pyrolysis temperature of 1000°C. However, when a
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N 2 atmosphere was used, hollow N i O particles were formed, which did not density even
at 1200°C due to the lack of sintering. The dense Ni particles obtained were of good
crystallinity and good oxidation resistance, especially for those formed at higher
pyrolysis temperatures and longer residence times.

Two variants of the spray pyrolysis techniques, i.e. electrostatic spray deposition (ESD)
and flame-assisted ultrasonic spray pyrolysis (FAUSP), have been developed and
successfully applied to prepare semiconductors such as Ti02, ionic conductors such as
Zr02, and mixed conductors such as LiMn204. The ESD is particularly useful for the
fabrication of thin films, while the FAUSP is usually used for the production of fine
powders (Chen, Yuan and Shoolman, 1998).

Liquid Flame Spraying (LFS) is a technique capable of producing nanosized ceramic
powders (Tikkanen et al, 1996). Liquid feedstock is injected and atomized into an
oxyhydrogen flame. The solvent evaporates and the precursor decomposes giving off
structural water and nitrogen oxides producing ceramic or metal spheres. The powder
can be collected on a particle collector or sprayed on a material surface that becomes
coated with the powder.

2.4 Summary

Many papers have explored materials prepared by spray pyrolysis. The synthesis always

starts from aerosol generation of liquid precursor. This aerosol is subsequently directed
either into a pyrolysis chamber in order to form powders, or towards a heated substrate
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in order to form thinfilms.Various powders have been prepared by spray pyrolysis, but
a limited number of them were for use as battery materials. In the present work, the
materials prepared by the in-situ spray pyrolysis method feature nano-structured and

spherical shaped particles and very high specific surface areas, essential for high batter
capacity.

Some battery material bulks, especially some anode materials, have not been made by
spray pyrolysis. Some promising nano-structured anode materials, such as Co304, CoO,
NiO, and Sn02, could be prepared by the spray pyrolysis technique. Several different
transition metal oxides are considered as true intercalation electrode materials, such as
C03O4, Mn304 and Fe304 (Thackeray et al, 1985; Fernandez, Morales and Tirado,
1988), with anatase Ti02 being particularly promising. Tin oxides such as SnO, SnOx (1
< x < 2) and Sn02 have also proved to be promising anodes. The combination of these
anode materials with high voltage positive electrodes is seen as a possibility to
compensate for the higher working voltage of the intercalation compounds versus
lithium. Powder characteristics (lower particle sizes, better spheroidicity and a narrow

particle size distribution) were significantly improved by the application of an ultrasoni
generator in the preparation of the aerosols. Thus, some of these metal oxides can be
prepared by spray pyrolysis for battery applications.

Graphite metal oxide composites as anode materials have recently become promising
alternative materials for lithium secondary batteries. The in-situ spray pyrolysis
technique can produce well mixed graphite metal oxide composites by adding controlled
amounts of sugar into the as-prepared precursor solutions. In this case, the in-situ spray
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pyrolysis technique adequately shows its advantages, e.g. one-step, simple, universal
precursors and easy control.

Some battery materials, which have been successfully made as thin films, can be
prepared as powders by the spray pyrolysis. As an example, LiCo02 film has been
successfully prepared by spray pyrolysis technique, but powders for battery use are
seldom mentioned in the literature. However, a recent study from our group has
investigated nano-featured single-phase LiCo02 powders, prepared by spray pyrolysis
for battery use (Konstantinov et al, 2003). Therefore, it appears to be promising to
prepare LiCo02 powders, as well as the alternative material LiNixCoi_x02, by the spray
pyrolysis technique. Two types of layered cathode materials LiMxCoi_x02 (M = Ni, Al,
etc.) and LiMxMni.x02 (M = Co, Ni, Cr, Al, etc.), among them: Li1.1Mn1.9O4,
LiNio.85Co0.i502 and Lii.ioMni.852Cro.o4804(Uchida et al, 2001), have been explored, and
corresponding preparation techniques have been developed. These new cathode
materials are expected to have higher capacity than LiCo02, as well as an acceptable
cycle life. This will be more cost effective than the conventional approach.
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CHAPTER 3 EXPERIMENTAL
3.1 Materials and chemicals

The materials and chemicals were supplied by several chemical companies. Most of
them were from the Aldrich Chemical Company Pty. Limited. The details are given in
Table 3-1.
Table 3-1. Materials and chemicals used in this study
Materials or Chemicals

Formula

Purity

Supplier

Cobalt (II) acetate
tetrahydrate

(CH 3 C0 2 ) 2 Co-4H 2 0

98+%

Aldrich

Cobalt (II) nitrate
hexahydrate

Co(N03)26H20

98%

Aldrich

Acetic acid

C2H204

99.7+%

Aldrich

Nickel (II) acetate
tetrahydrate

(CH 3 C0 2 )Ni-4H 2 0

99.99%

Aldrich

A m m o n i u m acetate

CH3C02NH4

97+%

Aldrich

Tin (II) chloride dihydrate

Sn0 2 -2H 2 0

98%

Aldrich

Ethanol

C2H5OH

reagent

Aldrich

Lithium
(hexaflorophosphate)

LiPF 6

98%

Aldrich

E C (ethylene carbonate)

C3H4O3

>99%

Fluka

DMC(dimethyl carbonate)

C3H603

99%

Fluka
Aldrich

PVDF(Polyvinylidene
fluoride)
DMP(Dimethyl phthalate)

C6H4-I, 2(C02CH3)2

Carbon black

C

99%

Aldrich
Lexel
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3.2 Experimental procedures

Precursor solution
w preparation
fc,

In-situ preparation
of materials by
spray pyrolysis

Spray process

fe,
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Oxide powders
collection
•X-ray Diffraction
•TGA-DTA

Structural and physical
characterization

BET
S E M and T E M
Powder mixing
Slurry pasting

Electrode Fabrication

Vacuum drying
and pressing
Electrochemical
characterization

-•

Charge/discharge coin
testing cell

Fig. 3-1. Schematic diagram of experimental procedure.
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Various metal oxides ( M O , M

= C o , Ni and Sn) and composites (Sn0 2 carbon

composite) materials for use as anode materials were synthesized and characterized by
the in-situ spray pyrolysis technique and characterized in the present work. The
synthesized active materials were then used for preparing test electrodes. Coin cells
(CR2032) were assembled to examine the electrochemical properties. The overall
experimental procedure is schematically illustrated in Fig. 3-1.

3.3 The preparation of materials by spray pyrolysis

A schematic of the experimental spray pyrolysis apparatus used to produce and collect
the particles is shown in Fig. 3-2. The main equipment consists of a two-fluid nozzle that
converts the starting solution into droplets, the carrier gas apparatus, a tubular furnace
and vacuum pump. Liquid is sprayed through the nozzle with the aid of a carrier gas into
the tubular furnace, which is a quartz tube of 200 mm inner diameter and about 2 m
long. The furnace consists of controlled heating zones, enabling flexibility in the
production of the experimental temperature distributions. The carrier gas used is air.

The spray precursor solution was prepared first. Aqueous or ethanol solvents were used
for preparation of clear and well-dissolved precursor solutions. The synthesis starts with

aerosol generation from the liquid precursor. This aerosol is subsequently directed into a
pyrolysis chamber in order to form a powder. After the spray process, the powders were
collected a stainless steel container.
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(1) Fluid pump

(4)
(5)
(6)
(7)

(2) Spray nozzle
(3) Drying chamber

Heater
Cyclone
Product vessel
Aspirator

Fig. 3-2 Schematic diagram of the spray pyrolysis equipment used in this study.

3.4 Structural a n d physical characterization of oxide materials

The synthesized oxide (MO, M = Co, Ni and Sn) and composite materials were
thoroughly characterized by a variety of approaches. The as-prepared nano-structured
oxides were characterized by X-ray diffractometer (M03xHF22, Mac-Science, Japan).

The crystal size was calculated by the Scherer formula:

d = k*yp cose,

(3.1)
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where X is the X-ray wavelength (1.54056x10"10m), 0 is the Bragg angle and p is the
half-peak width in radians.

According to the Bragg's law:

2d sin 0 = nX

(3.2)

where 0 is measured from the plane and X is the wavelength.

Nano-structured particles were analyzed by the X-ray diffraction technique for struc
identification and to monitor changes in the crystallinity.

Since the spacing between lattice planes dhki is a function of the unit cell dimensi

the indices h,k,l of those crystal planes, unit cell dimensions can be obtained from

values. The general equation for the spacings between lattice planes dhki for a crys
with unit-cell dimensions a, b, c, a, /?, y is given by:

dhkl = X/Y (3.3)

where X and 7 are:

X- [l-cos 2 ar-cos 2 /?-cos 2 y + 2 cos a cos/? cos yy-

Y=

sin a +

2kl(
o
\
(k\ sin2/? + f/Y . 2
(cos or-cos/) cos yj
— sin Y
\oj
\c) be
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In systems of higher symmetry, this equation is greatly simplified. For example, if
a = p = Y =90°:

'=/£•£*?

(34)

The morphology of the cobalt oxide powders was observed by scanning electron
microscopy (SEM) using a Leica/Cambridge Steroscan 440 device and by Transmission
Electron Microscopy (TEM) and High Resolution (HR) TEM using Philips Ml2 and
Jeol F3000 devices.

The spray precursor solutions were studied via differential thermal and thermogravimetric analyses (DTA-TGA) using Setaram 92 equipment. The specific surface
area was determined by the gas sorption technique using the Brunauer-Emmett-Teller
(BET) method. A Quantachrome Nova 1000 gas sorption analyser was used for this
purpose.

3.5 Electrode preparation and testing cell construction
3.5.1 Electrode preparation
The electrodes were made by dispersing a mixture of 72 wt% active materials, 20 wt%
carbon black and 8 wt% PVDF binder into dimethyl phthalate to obtain a slurry. (This
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ratio m a y be adjusted in certain cases.) The slurry was spread onto copper foil. After the
electrode was dried at 130°C for 2 hours, it was compressed at a rate of about 170
kg/cm . The electrodes were then dried in a vacuum furnace for 24 hours and finally
transferred to a glove box. The electrode area is approximately 1 cm2, and the typical
thickness of the electrode is about 100 pm.

3.5.2 Test cell construction

The test cells were assembled in an argon filled glove box (Unilab, Mbraun, USA), in
which moisture and oxygen were automatically controlled to be less than 0.1 ppm. In
order to examine the electrochemical properties of the prepared electrode materials,

lithium metal was used as a standard counter electrode in all test cells. The electrolyte
was 1 M LiPF6 in a solution of EC (ethylene carbonate) and DMC (dimethyl carbonate)
(1:1 in volume). The separator was Celgard 2500 porous plastic film. There were two
configurations of test cells, Teflon test cells and standard CR 2032 coin cells. The coin
testing cell which is used in the present work is shown in Fig. 3-3.

Bottom pan

Fig. 3-3 Schematic of the configuration of the coin testing cell.
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CHAPTER 4
IN-SITU FABRICATION OF NANO-STRUCTURED
CERAMIC OXIDE POWDERS BY SPRAY
PYROLYSIS TECHNIQUE

4.1 Cobalt oxides
4.1.1 Introduction

The study and application of nano-structured ceramics form one of the modern trends in
materials science. Nowadays, a m o n g the different ceramics the transition metal oxides
and particularly the cobalt oxides have attracted significant interest due to their unique
electric properties. C03O4 has been considered as a promising catalyst, gas sensor or
solar energy material. Recently, nano-featured transition-metal oxides, such as nickel
oxides, C o O , C03O4, and others have been proposed as a class of n e w anode materials
for lithium-ion batteries (Poizot et al, 2000).

A variety of methods have been used to prepare nano-structured cobalt oxide powders
such as chemical decomposition, thermal decomposition, the combustion route, etc.
(Yuan et al, 2003; W a n g et al, 2002; Jiu et al, 2002). Generally, the methods feature
relatively long and inefficient powder production, and the crystal size is mainly above 15
n m . The main obstruction to creating small nano-crystals is the fact that the synthesis
takes place over relatively long times, which permits the crystals to grow larger. T o
avoid this the spray solution method has been applied, which features in-situ production
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of nano-structured and spherical-shaped ceramic particles, generally possessing high

specific surface areas (essential for high catalytic activity), good battery capacity, etc
From the literature dealing with ceramic materials prepared by spray pyrolysis, it can be
seen that only a limited number of materials have been investigated as battery material
powders (Lee, Jung and Park, 1999; Janackovic et al, 1997; Xia, Lenggoro and
Okuyama, 2001; Stopic, Ilic and Uskokovic, 1995; Che and Takada, 1999), and there is
no report on the production of nano-crystalline cobalt oxide powders by this method to
the best of our knowledge.

In the present section, the spray solution technique was applied to prepare in-situ nanostructured cobalt oxide powders, and their physical properties have been tested
systematically.

4.1.2 Experimental procedures

In a typical procedure, 0.2 M aqueous solutions of cobalt nitrate or cobalt acetate were
adopted as spray precursors for the spray pyrolysis technique. The powders were
obtained in-situ using a vertical type of spray pyrolysis reactor. Different temperatures
the range of 400-700°C were applied to obtain nano-structured powders. Acetic acid
and/or ammonium acetate were added to the cobalt acetate solutions in order to promote
sintering of the CoO powders. The as-prepared cobalt oxides were characterized by Xray diffraction. The morphology of the cobalt oxide powders was observed by SEM,
TEM and HRTEM. The time-temperature phase diagram was studied via DTA-TGA.
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The specific surface area was determined by the gas sorption technique using the B E T
method.

4.1.3 Results and discussion

Fig. 4-1 shows the general DTA/TGA behavior of the cobalt nitrate precursor, which
reveals that full decomposition occurs above 300°C. Co(N03)2 is decomposed to C03O4
and when the temperature is raised above 900°C, CoO occurs.
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Fig. 4-1 T G A - D T A plots of the decomposition of cobalt nitrate precursor.
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The X-ray patterns of C03O4 powders obtained at different temperatures are shown in
Fig. 4-2. The XRD pattern of powder sprayed at 400°C consists of broad diffraction
peaks which suggest poor crystallinity. Powder sprayed at 600°C has more intense and

sharp diffraction peaks indicating higher crystallinity. It is also confirmed that powders
sprayed at 500°C or above show a single phase of C03O4. From the X-ray pattern at
500°C, the crystal size was calculated to be in the range of 1-12 nanometer, based on
calculation by the Scherer formula.

500
400°C
400-

___ 300-1

d
500°C
I^WW>*WIW# ^ • W f w ^ '^flpfl^' ^H#(Ni

£ 200
w
c
100-

^•MHll/VjlMt/ V*t4 600°C

0-

2 theta (°)

Fig. 4-2 X R D patterns of C o 3 0 4 materials prepared by spray pyrolysis of cobalt nitrate
solution at different temperatures.
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The T E M image shown in Fig. 4-3 of C03O4 powders sprayed at 500°C confirms the

calculation results. The nano-structure was also confirmed by the high specific surface
area measured by the BET method, which is 82.37 m2 /g (Table 4-1).

Fig. 4-3 T E M image of C03O4 powder sprayed at 500°C.
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Fig. 4-4 shows S E M images of C03O4 powders prepared by spraying nitrate solutions at
different temperatures. The materials are characterized by agglomerated particles with
spherical or 'doughnut' structures. The particle density increases with increasing
temperature. The primary nano-crystals of the agglomerates are not visible in the SEM
images. The "doughnut" structure is typical for spray pyrolysis of nitrate solutions where
the precursor decomposition and release of nitric oxides take place at quite high
temperatures, which lead to breaks and the appearance of significant holes in the
agglomerates.

Fig. 4-4 S E M images of C o 3 0 4 powders sprayed at 400°C (a), 500°C (b), and 600°C (c),
and an agglomerated particle sprayed at 600°C (d).
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The cobalt oxide powders prepared by spray pyrolysis of cobalt acetate solution at 500700°C were compared with those obtained from the nitrate solution. Fig. 4-5 shows the
TGA/DTA curves of the precursor decomposition. In contrast to the DTA/TGA curves

of the decomposition of the nitrate solution shown in Fig. 4-1 there is a short low-weigh
region between 300-400°C (region I in Fig. 4-5), which has been attributed to the
formation of low temperature CoO phase. Apart from this, it is similar to Fig. 4-1 where
nitrate solution was used as the precursor. C03O4 phase exists in region II, and high

temperature CoO phase exists in region V. In this situation there are inevitably mixtures
of C03O4 and CoO in regions III and IV.

I Existence of low temperature C o O
II Existence of Co304
Ill&rV Existence of Co,0,and CoO
3 4

V

Existence of high temperature C o O

DTA
<

CD
rQ

I III

200

400

600

800

Temperature°C

Fig. 4-5 T G A - D T A plots of cobalt acetate precursor.

49

1000

Chapter 4. In-situ fabrication of nano-structured ceramic oxide powders b y spray
pyrolysis technique

T h e X R D patterns s h o w n in Fig. 4-6 also confirm the existence of C o O , which appears
below 600°C. C03O4 single-phase powders were obtained at higher temperatures around
700°C. The BET results show that the C03O4 has a high specific surface area, which is
28.50 m2/g, lower than from the powder prepared by cobalt nitrate decomposition (Table
4-1).
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Fig. 4-6 X R D patterns of p o w d e r s obtained b y spraying cobalt acetate solution at
different temperatures.
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Table 4-1 Specific surface areas of cobalt oxides from B E T analysis

Specific Surface
Cobalt Oxide powder Area
C0 3 0 4

Commercial C03O4

33.9799

m 2 /g

C0304

Powder from spraying cobalt acetate at 700°C

28.8398

m 2 /g

C0304

Powder from spraying cobalt nitrate at 500°C

82.3681

m 2 /g

CoO

Commercial C o O

15.6254

m 2 /g

CoO

Powder from spraying cobalt acetate at 550°C

8.6640

m 2 /g

The S E M images of cobalt oxide powders prepared by spraying cobalt acetate solution
at different temperatures are shown in Fig. 4-7. The agglomerates reveal a more dense
structure compared to those obtained from the nitrate solution. This is due to the
decomposition and release of C02 gas at lower temperatures and possibly further
densification and recovery of the holes created at higher temperatures, leading to the
formation of denser agglomerates. The denser structure is also reflected in the lower
specific surface area values compared to the case for powder prepared from the nitrate
solution.
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Fig. 4-7 S E M images of cobalt oxide powders prepared by spraying cobalt acetate

solution at different temperatures (a) 500°C (b) 550°C (c) 600°C (d) 650°C (e) 700°C and
(f) highly magnified image of 700°C .
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The crystal size and lattice parameters of the low temperature C o O phase were
determined by HRTEM (Fig. 4-8). The structure is cubic with lattice parameter a =

0.419 nm, which is close to the reported values in the PDF database. The crystal size i

quite small, generally in the range of 1-5 nm. It is impossible to prepare by conventio
technology, because using the conventional reduction of C03O4 requires high
temperatures and prolonged times. Nano-sized CoO crystals can be prepared using
special chemical methods (Wang et al, 2002), but they take a long time and are

inefficient for large-scale production. The spray pyrolysis, however, allows such in-si
reactions to take place in very short times (on the order of seconds), which permits
production of nano-ceramic materials.

111 direction
of the cubic
structure
Calculated lattice
parameter
a=0.419nm

5 nm

From PDF database 75-0418
Cubic structured C o O has lattice
parameter a* = 0.424mn

High Resolution T E M image of C o O

Fig. 4-8 H R T E M of low temperature C o O obtained by spraying C o acetate solution at
500°C.
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The time-temperature phase diagram of cobalt oxides has been determined in detail for
the first time by applying DTA/TGA analysis and outlining the region of the low
temperature CoO phase and the regions of the C03O4 and high temperature CoO phases

as well, when different lengths of reaction time are applied (Fig. 4-9). Different scanni
rates were used in the DTA/TGA analysis from 1 °C/min to 35 °C/min. It just takes a few
seconds to prepare powders in the drying chamber when using the pray pyrolysis
technique, so the time scale is close to zero in the diagram. The figure demonstrates how
by using the spray pyrolysis method and extremely short reaction times, which are on
the order of several seconds, close to zero on the Fig. 4-9 time scale, production of
crystalline nano-structured ceramic phases can be achieved, which otherwise could only
be obtained at elevated temperatures or longer reaction times and would have micron
scale crystal sizes. At low temperatures and low heating rates, the materials features
precursor and amorphous phases (region I). At certain heating rates in the DTA-TGA
analysis and when cobalt acetate is sprayed at 550 - 650°C, CoO phase exists (region IV).
The large region II presents C03O4 phase. At higher temperature (about 900°C),
according to the literature, C03O4 is completely decomposed to CoO (region III). There
are inevitably transition phases representing mixtures of Co304 and CoO (regions V and
VI).

The existence of CoO prepared at low temperature has never been reported before. This
time-temperature diagram could contribute to the preparation of cobalt oxides using
other methods and conditions.
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Fig. 4-9 Time-temperature phase diagram of cobalt oxides obtained by T G A / D T A
analysis using different heating rates.

In order to get single-phase nano-structured CoO powders at even lower temperatures an
additional reducing agent, namely, an additional amount of acetic acid or a m m o n i u m
acetate w a s added into the precursor solution. T h e X R D patterns in Fig. 4-10
demonstrate the effect of additional acetic acid on the phase formation and crystallinity
of the sprayed powders at 500°C.

57

Chapter 4. In-situ fabrication of nano-structured ceramic oxide powders by spray
pyrolysis technique

1

1

40

r-

50

2 theta (°)

Fig. 4-10 X R D patterns of C o O prepared by spraying lOg cobalt acetate with different
amounts of acetic acid at 500°C.

Obviously, the excess of acetic acid reduces the m i n i m u m temperature required to m o v e
from the amorphous stage to a crystalline product, which permits production of even
smaller crystallites. Addition of another reducing agent, ammonium acetate, shows
similar results (Fig. 4-11). The temperature required to obtain a crystalline product is
reduced from 550°C to 500°C. Low temperatures promote the production of a single
nano-structured CoO phase, while an increase in the temperature leads to the coexistence
of C03O4 as well.
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Fig. 4-11 X R D patterns of C o O prepared by spraying lOg cobalt acetate with a m m o n i u m
acetate.
The S E M photo in Fig. 4-12 shows that the powder obtained at 500°C has a similar
structure to the powder obtained at 650°C if there is no excess of reducing agent.

Fig. 4-12 S E M image of C o O prepared by spraying lOg cobalt acetate with 10ml acetic
acid at 500 °C.
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4.2 NiO
4.2.1 Introduction

Nano-sized NiO was successfully prepared as a promising oxide ceramic material by the
in-situ spray pyrolysis technique. It can also be prepared by traditional methods such as
chemical decomposition, thermal decomposition, the combustion route, etc. Nickel
oxide (NiO) is the most exhaustively investigated transition metal oxide. It is a
promising candidate for many applications such as solar thermal absorber, catalyst for
02 evolution, photoelectrolysis and electrochromic devices. Nickel oxide is also a
promising material for the anode electrode in lithium ion batteries. The most attractive
features of NiO are: (a) excellent durability and electrochemical stability, (b) low
material cost, (c) promising ion storage material in terms of cyclic stability, (d) large
optical density, and (e) possibility of manufacturing by a variety of techniques. Nickel
oxides have been prepared by various techniques that involve: electron beam
evaporation (Seike and Nagai, 1991), rf-magnetron sputtering (Sato et al, 1993; Hotovy
et al, 1998), chemical deposition (Pramanik and Bhattachraya, 1990; Chigane and
Ishihawa, 1998), atomic layer epitaxy (Utriainen, Kroger-Laukkanen andNiinisto, 1998),
sol-gel (Surca et al, 1996) and the spray pyrolysis technique (Xie et al, 1996; Kadam,
Bhosale and Patil, 1997).

We are aware that NiO thin films have been prepared by spray pyrolysis (Thangaraju,
2002; Brinzari et al, 2002; Patil and Kadam, 2002), but there is no report on nanostructured particles of NiO prepared by the spray pyrolysis technique, although this is a
more flexible and universal in-situ method, easily acceptable for an industrial process,
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and permits good control of the crystal size and phase product. In this section, NiO
nano-structured particles were synthesized by a spray pyrolysis system, and the nanostructured particles were characterized and investigated by a series of techniques.

4.2.2 Experimental procedures

NiO was prepared from 0.2 M nickel acetate aqueous solution. The powders were
obtained in-situ using a vertical type of spray pyrolysis reactor. Different temperatures
the range of 500-800°C were applied to obtain nano-structured powders.

The as-prepared NiO was characterized by X-ray diffraction. The morphology of the
oxide powders was observed by SEM, TEM and HRTEM. The specific surface area was
determined by the gas sorption technique using the BET method.

4.2.3 Results and discussion

NiO nano-structured particles were analyzed by the X-ray diffraction technique for
structural identification and to identify changes in the crystallinity. (Fig. 4-13)
According to Bragg's law, it was found that the NiO samples were crystalline, consisting
of the NiO cubic phase, which is charaterised by a strong reflection along the (200)
plane and two less strong reflections along the (111) and (220) planes. The 'd'-space
values of the XRD reflection were compared with the standard 'd'-space values taken
from the PDF data file, Traces X-ray diffraction database (no. 75-0197). Good
agreement between the observed and standard 'd' values confirms that the material
deposited is NiO (cubic).
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300-
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Fig. 4-13 XRD patterns of NiO nano-structured powders prepared by spray solution
technique.
Fig. 4-14 shows SEM images of NiO prepared by spraying nickel acetate at 650°C and
750°C, which indicate that the NiO powders have spherical particle morphology. The
crystal size and lattice parameters of the NiO particles were investigated by HRTEM
(Fig. 4-15).
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d
Fig. 4-14 SEM images of NiO powders obtained by spraying nickel acetate solution: (a)
prepared at 650°C (b) magnified image of powder prepared at 650°C (c) prepared at
750°C (d) magnified image of powder prepared at 750°C.

The crystal size and lattice parameters of the NiO were determined by HRTEM (Fig. 415). The structure is cubic with lattice parameter a = 0.417 nm, which is close to the
reported values in the PDF database. The crystal size is quite small, generally in the
range of 1-5 nm.
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a
b
Fig. 4-15 H R T E M images of N i O at 650°C.

Specific surface areas of NiO particles obtained by the BET method are listed in Table
4-2. Powders from spraying nickel acetate at 650°C have a very high specific surface
area, which is close to that of commercial NiO powders. Such high surface areas make

NiO suitable for a variety of potential applications, including anode materials for lithi
secondary batteries.

Table 4-2. Specific surface area of NiO particles.

N i O powder

Surface area
66.6276

m 2 /g

Powders from spraying nickel acetate at 650°C 50.1817

m /g

Commercial N i O
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4.3 Sn02
4.3.1 Introduction

Tin oxide (Sn02) has also been used in a wide range of application in science,
technology and industry, such as catalysis, conductivity, gas sensing, ceramics, plastics
and biomedicine (Hattori et al, 2000). Recently, it has been reported that tin oxide has
good potential to serve as an anode material in Li-ion batteries. (Vincent, 2000) The
synthesis of Sn02 has been done, traditionally, in two ways: (a) hydrolysis of tin (TV)
salts in aqueous solutions and (b) Sn° oxidation with hot concentrated nitric acid. Both
methods yield hydrated forms of Sn02. Then it must be dehydrated and dehydroxylated
with an annealing treatment. (Toledo-Antonio et al, 2003) In this section, Sn02 and
Sn02 carbon composite were synthesized in-situ by the spray pyrolysis technique.

4.3.2 Experimental procedures
Sn02 and Sn02 carbon composite were prepared from 0.2 M tin chloride ethanol
solution. The powders were obtained in-situ using a vertical type of spray pyrolysis
reactor. Different temperatures in the range of 700-800°C were applied to obtain nanostructured powders. Carbon Sn02 composite was prepared by the same method using
sugar added to the precursor tin chloride ethanol solution. The as-prepared Sn02 and
Sn02 carbon composite were characterized by X-ray diffraction. The morphology of the
oxide powders was observed by SEM, TEM and HRTEM. The specific surface area was
determined by the gas sorption technique using the BET method.
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4.3.3 Results and discussion

Fig. 4-16 (a) shows the XRD patterns of nano-sized tin oxide, which has very broad
diffraction lines, indicating poor crystallinity. Compared with the commercial highly
crystalline Sn02 powders, it is clear that single-phase Sn02 is obtained at 700°C. Fig 416 (b) shows the XRD patterns of tin oxide nano-particles with silicon powders. From
the X-ray pattern, based on calculation by the Scherer's formula, the crystal size was
calculated to be in the range of 1-5 nanometer.

500-n
(i) commecial S n 0 2 highly crystalline powders
p- (ii)Sn02powders prepared by spray pyrolysis
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Fig. 4-16 X R D patterns of S n 0 2 materials prepared by the spray solution technique at
700°C.

Fig. 4-17 shows the S E M images of S n 0 2 nano-structured powders and S n 0 2 carbon
composites obtained by spraying tin chloride solutions at 700°C and 800°C. The density
increases with increasing temperature. When sugar was added to the prepared precursor
solutions, the production contained some amounts of carbon powders. SEM reveals that
carbon added tin oxides have a more dense morphology, which is due to the tiny and

light carbon particles filling in the space between the tin oxide particles. This can als
confirmed by the BET result shown in Table 4-3, where specific surface area has
decreased significantly.
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*

Fig. 4-17 S E M image of S n 0 2 powders: (a) prepared at 700°C (b) carbon added S n 0 2
prepared at 700°C (c) prepared at 800°C and (d) magnified image of (c).
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The spray pyrolysis technique provides a simple and easily controlled way to produce
S n 0 2 carbon composite, which is a promising anode material for lithium secondary
batteries. S n 0 2 carbon composite has homogeneous morphology and a high specific
surface area (Table 4-3). Since the sugar is dissolved in the spray precursor, the carbon
is able to mix well with the Sn0 2 ; so the homogeneity is better than when using
mechanical mixing.
Table 4-3. Specific surface area of Sn0 2 .
Different SnQ2 powders Surface area
Commercial S n 0 2

7.1560

m 2 /g

Powder from spraying tin chloride at 700°C

19.66

m 2 /g

Powder from spraying tin chloride (700°C) after shaking 24.6408

m /g

Powder from spraying tin chloride (700°C) with 16.8% C 13.9312

m 2 /g

Figs. 4-18 and 4-19 present a TEM image and a high-resolution HRTEM image, which
show the crystal size of the nano-structured S n 0 2 particles, which was estimated to be 15 nm.

Fig. 4-18 T E M image of tin oxides.
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Fig. 4-19 H R T E M image of tin oxide.

The representative polyhedron of the tetragonal dipyramid structure (Fig. 4-20) is
formed by a tin atom in the center, surrounded by six oxygen atoms at the vertices.
(Toledo-Antonio et al, 2003) The tin atom is bonded to four oxygen atoms with the
same bond length (R4) in the basal plane and with another two apical oxygen atoms with
a different bond length (R5). Rl and R2 are labeled as the distance between two oxygen
atoms sharing the vertex of the basal plane of the polyhedron, while R3 is the distance
between an apical oxygen atoms and the nearest oxygen atoms of the basal plane of the
polyhedron.
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Fig. 4-20 Representative polyhedron of the tetragonal dipyramid tin oxide.

4.4 Crystallite size and lattice parameters of sprayed nano-oxides
The crystal size of various oxide ceramics prepared by the in-situ spray pyrolysis
technique were calculated by Scherer's formula from the X-ray patterns. (Fig. 4-21) It is
obvious that these oxides powders have a nano-sized crystalline structure and that the
crystal size is below 12 nm, which is hard to fabricate by traditional methods. The
crystal size normally grows with increasing temperature. Therefore, the fabrication
temperature of spray pyrolysis is between 500 and 800° C to get single-phase and nanostructured products.
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Fig. 4-21 Comparison of the crystallite size of different oxides

Lattice parameters of C03O4, N i O and S n 0 2 nano-structured particles were calculated by
investigating the 'd'-space value of their XRD reflection (Table 4-4). Good agreement
was achieved for the lattice parameters of these oxides. The lattice parameter of CoO
was calculated by HRTEM (see Fig. 4-8). It was confirmed that oxide ceramics prepared
by the spray pyrolysis technique have a cubic (CoO, C03O4 and NiO) or tetragonal (Sn02)
\h2 k2 I2
structure. Therefore, the formula d- 1 / J — + — + —

(3.4) can be used here.

When the crystal structure is cubic: a = b = c, and for the tetragonal structure: a-b^c.
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Table 4-3. Lattice parameters of sprayed nano-ceramics.

Phase

Reported lattice
Standard 'd'parameters
(hkl) space
a (nm) c (nm) Plane
Values (A)

CoO

0.424

Co304

0.808

Sn02

0.474

0.319

NiO

0.417

-

311

2.4377

101/200 2.6469/2.3711
220

1.4743

Calculated lattice
parameters
Structure
a (nm) c (nm)
0.419

Cubic

0.808

Cubic

0.474

0.318

Tetragonal

0.424

-

Cubic

4.5 Summary

Nano-structured oxide powders were successfully prepared by the in-situ spray pyrolysis
technique using different precursors and different temperatures. The effects of the

precursor, the temperature and the sintering time on the nano-crystallinity, morphology
phase composition, and specific surface area parameters were systematically studied.
The specific surface area strongly depends on the preparation conditions and chemicals

used. The spray pyrolysis technique is a flexible method, which permits good control of
the crystal size and phase product, allowing in-situ production of nano-crystalline
materials like CoO and C03O4. The existence of nano-structured CoO phase was also
confirmed by DTA/TGA, and the Time/Temperature phase diagram of the cobalt oxides
has been determined via differential thermal and thermo-gravimetric (DTA-TGA)
analyses. NiO, Sn02 and Sn02 carbon composite nano-structured particles prepared by

in-situ spray pyrolysis are promising materials with uses in many areas, including Li-i
rechargeable batteries. Good agreement was achieved in the investigation of MO (M =
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Co, Ni and Sn) nano-crystalline lattice parameters, which were compared with the
reported values in the PDF database. Thus, the nano-structured MO powders were
confirmed to have cubic (C03O4, CoO, NiO) or dipyramid tetragonal (Sn02) structures.
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CHAPTER 5
ELECTROCHEMICAL PROPERTIES OF METAL
OXIDE CERAMICS AND CARBON ADDED TINOXIDE PREPARED BY THE SPRAY PYROLYSIS
TECHNIQUE
5.1 Introduction
Various nano-structured metal oxide ceramics (CoO, Co304, NiO and Sn02) and carbon
S n 0 2 composite have been intensively investigated. All of them have been demonstrated
to be promising anode candidates for Li-ion rechargeable batteries. Nano-particles of
transition-metal oxides ( M O , where M is C o and Ni) demonstrate electrochemical
capacities as high as 700 m A h g"1 with a 1 0 0 % capacity retention up to 100 cycles, as
was reported in the scientific journal Nature (Poizot et al, 2000). It has been pointed
out that S n 0 2 based electrodes can deliver very high capacity (~ 700 m A h g " at the rate
of 8 C ) and still retain the ability to be discharged and charged for 800 cycles (Li, Matin
and Scrosati, 2001). These oxide ceramics are promising anode materials for secondary
lithium batteries. Graphite tin-based oxide composites also have good electrochemical
properties as potential alternative anode materials.

Therefore, it has been proved that transition-metal oxides ( M O , M = Co, Ni, etc.) are
promising anodes for Li-ion rechargeable batteries. Investigation of cobalt oxides is one
of the most favorable research areas for Li-ion battery applications. W a n g , et al (2002)
presented nano-sized C o O and C o 3 0 4 with high lithium storage capacity and good cycle
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ability. Co304 shows an high capacity of about 700 mAh g"1 and good cycle life (93.4%
of initial capacity maintained after 100 cycles) (Kang et al, 2003).

NiO and Ni based materials are promising anode materials that have also been studied in
many research groups. Nano-crystalline NiO prepared by vacuum thermal evaporation
of metallic nickel at a temperature of 600°C can deliver a reversible capacity of 680
mAh g"1 at 10uA cm"1 in the voltage range of 0.01-3.0 V and good cycle ability up to
100 cycles. Furthermore, nickel based materials have also been investigated intensively.
Nano-crystalline NiO thin films with a mean size of -30 nm were prepared by pulsed
laser reactive ablation in an oxygen ambient and subsequently coated with MgO on the
NiO surface. (Wang et al, 2003) As compared with bare NiO, coated NiO film electrode
heat-treated at 500 °C exhibits excellent structural stability and electrochemical
performance. Excellent electrochemical performance, a reversible capacity as high as
650 mAh/g in the range of 0.01-3.0 V at the high discharge rate of 2C with a high
capacity retention up to 150 cycles, could be achieved with MgO-coated NiO films.
Preliminary electrochemical cycling measurements show that capacity fading for bare
NiO and MgO-coated NiO film electrodes are -0.43 and 0.28% per cycle, respectively,
at the discharge rate of 2C after 150 cycles. NiO/Ru02 composite materials were
prepared for use in electrochemical capacitors (ECs) by a co-precipitation method
followed by heat treatment (Liu and Zhang, 2003). X-ray diffraction (XRD) spectra
indicated that no new structural materials were formed and that the ruthenium oxide
particles were coated with NiO particles. Ru02 partly introduced into a NiO-based
electrode improved its electrochemical performance and capacitive properties as
determined by using electrochemical measurements. By comparing of the effects of
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modified modes on the specific capacitance, it was found that chemically modified
composite electrodes had more stable cycling properties than those of physically
modified electrodes. After 200 cycles, the specific capacitance of a NiO-based chemical
composite electrode with 5 wt.% Ru02 remained 95%, above while that of the
physically modified electrode was only 79% of the initial specific capacitance.

Sn02 based electrodes can deliver very high capacity (~ 700 mAhg"1 at the rate of 8C)
and still retain the ability to be discharged and charged for 800 cycles (Li, Martin and
Scrosati, 2001). Liu et al (1998) studied fine Sn02 powder prepared by a sol-gel method
following heat treatment. The reversible capacity of the lithium ion reaction with the
Sn02 electrode was found to achieve values as high as 600 mAh/g. The mechanism of
the lithium ion reaction was found to consist of two processes: a substitution reaction in
which Sn02 was reduced and Sn was formed and a reaction resulting in the formation of
an LiySn alloy. Tin-based composite materials have also been investigated as anode
materials for Li-ion batteries (Wachtler, Besenhard and Winter, 2001). Electrochemical
tests demonstrated that the initial charge-discharge capacities are very high, but the
capacity faded rapidly after the first cycle due to irreversible reactions. However, this
was recently markedly improved by annealing the ball-milled electrode (Ahn et al,
2003).

In this chapter, the electrochemical properties of as-prepared nano-structured metal
oxide ceramics (CoO, Co304, NiO and Sn02, Sn02 carbon composite) produced by the
in-situ spray pyrolysis technique have been investigated in coin testing cells. In
particular, better electrochemical properties were found for carbon Sn02 composite,
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which was prepared by adding sugar to the tin chloride spray precursor solution than for
pure Sn02.

5.2 Experimental
Carbon added oxides have been prepared by adding sugar to spray precursor solutions,
such as cobalt acetate and tin chloride solutions. The same spray technique has also been
used in this case, although some carbon was desorbed as carbon dioxide in the
temperature range of 500 - 700°C. The results are called added oxides.

Coin testing cells (CR2032) were fabricated to test the electrochemical properties of
nano-particles as anodes in Li-ion cells. The cobalt oxide, nickel oxide, tin oxide and
carbon added oxide electrodes were made by dispersing 72 wt% active materials, 20
wt% carbon black and 8wt% polyvinylidene fluoride (PVDF) binder in dimethyl
phthalate solvent to form a slurry, which was then spread onto a copper foil. The weight
of the active material in an electrode was approximately 2-3 mg. The cells were
assembled in an argon filled glove-box (Mbraun, Unilab, USA). The electrolyte was 1 M
LiPF6 in a mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC) (1:1 by
volume, provided by MERCK KgaA, Germany). The cells were galvanostatically
charged and discharged at a current density of 20 mA/g, and showed voltage behaviour
over the voltage range of 0.01-3.0 V versus Li/Li+.

5.3 Results and Discussion
5.3.1 Electrochemical properties of transition-metal oxides (MO, M = Co
and Ni)
The electrochemical properties of cobalt oxides as anode materials in Li-ion cells were
tested via charge-discharge cycling measurements. The cycling was performed over the

80

Chapter 5. Electrochemical properties of metal oxide ceramics and carbon added tinoxide prepared by the spray pyrolysis technique

voltage range of 0.01-3.0 V versus a Li/Li+ counter electrode. The initial two dischargecharge curves for the Co304 sample are shown in Fig. 5-1. During the first discharge, the
potential rapidly drops to reach a large plateau at 1.0 V, then slowly drops to 0.01 V.
The plateau of charge potential appears at about 1.5 V. The discharge capacity of the
lithium ions in the first discharge reaches 684 mAhg"1, and the subsequent charge
capacity is 681 mAhg"1 in the first cycle. The discharge capacity in the second cycle is
about 569 mAhg"1, and the second charge capacity is 572 mAhg"1. Coin cell
charge/discharge tests were performed for 100 cycles. After 20 cycles, the capacity
drops to around 200 mAhg and shows a big plateau until after 100 cycles (Fig. 5-2).

Fig. 5-3 shows the first two cycles of a CoO electrode, which exhibited a larger
irreversible capacity than the C03O4 electrode. The charge/discharge capacity of CoO is
maintained in low range around 20 mAhg"1 for 100 cycles (Fig. 5-4).

(i) First discharge curve
(ii) Second discharge curve
(iii)First charge curve
(iv) Second charge curve
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Fig. 5-1 Thefirsttwo cycle curves of Co 3 0 4 /Li coin test cell.
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Fig. 5-3 Thefirsttwo cycle curves of CoO/Li coin test cell.
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Fig. 5-4 Charge/discharge capacity of C o O electrode over 100 cycles.

Fig. 5-5 shows the first two charge/discharge cycles for NiO nano-structured particles.
The sample displays similar trends to the cobalt oxides. However, for both CoO and
NiO, the cycle life is quite poor.

(i) First discharge curve
(ii) Second discharge curve
(iii)First charge curve
(iv) Second charge curve
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Fig. 5-5 Thefirsttwo cycle curves of NiO/Li coin test cell
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The voltage-composition traces of the M O / L i cells made with C o 3 0 4 , C o O and N i O

show some similarities. During the first discharge, the potential rapidly drops to reach a
plateau (the potential and amplitude depend on M), and then continuously decreases
down to 0.0IV. The second discharge curve differs considerably from the first,
suggesting drastic, lithium-driven, structural or textural modification.

The reaction mechanism of MO with lithium in Li-ion cells has been proposed (Poizot et
al, 2000) as a displacive redox reaction:

MO + 2Li+ + 2e • LizO + M
2Li «« 2Li++2e
MO +2Li < ' LizO + M

Indeed, such MO materials (M = Co, Ni) can show reversible capacities as high as 700
mAhg"1. The mechanism by which these metal oxides react with lithium is totally

different from the classical Li insertion/deinsertion process or Li-alloying reactions si
none . of the 3d-metals investigated alloys with lithium. The novel Li reactivity
mechanism was reported in Nature (Poizot et al, 2000), consisting of the reduction of
MO into M (first discharge) and the oxidation of M into MO (first charge), concomitant
with the formation/decomposition of Li20, with the complete process being favored by
the nano-sized character of the composite matrix formed during the first discharge. From
electrochemical test results of materials prepared by the spray pyrolysis technique, the
capacity retention of these MO (M = Co, Ni) oxides was found to be worse than what
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was reported in Nature. The reason for this could be related to the formation of the solid
electrolyte interface (SEI) on the surface of the MO electrode. This is because the nanostructured particles prepared by the spray pyrolysis technique have much larger surface
areas than those prepared by traditional methods and tend to be more reactive in the
organic electrolyte. During the initial lithium insertion process, it is likely that a
passivation film is inevitably formed due to the decomposition of the organic electrolyte.
The formation of an SEI layer, which could block the metal-oxide particle reactivity
towards lithium, seems have worse effects for small MO particles, with larger surface
areas. As lithium reacts with MO, a phase separation occurs with free active metal sites
at the particle surface, and core metal particles surrounded by Li20. It is well known that
highly divided metal particles have enhanced catalytic properties, and therefore strongly
favor the decomposition of whatever electrolyte they come in contact with. It is then
obvious that the number of surface active sites (surface to bulk ratio) will be greater for
small particles than for larger ones, and this is the reason why the formation of this SEI
layer will be more detrimental to small particles than to large particles.

The reaction of lithium ions with cobalt oxide to form lithium oxide and cobalt is
thermodynamically feasible. However, Li20 is believed to be electrochemically inactive.
Therefore, to extract lithium from Li20 is thermodynamically impossible. Poizot et al
(2000) argued that chemical and physical phenomena are strongly affected when dealing
with nano-sized materials. So the electrochemically driven size confinement of the metal
particles is thought to enhance their electrochemical activity directed towards the
formation and decomposition of Li20. With decreasing particles size, an increasing
proportion of the total number of atoms lies near or on the surface making the
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electrochemical reactivity of the particles more and more important. Such considerations
can explain why the cycling performances of such materials should be extremely
sensitive to their degree of division or aggregation.

5.3.2 Electrochemical properties of S n 0 2 electrode

Fig. 5-6 shows the first two cycles of charge/discharge curves of a Sn02 electrode. Sn02
has an initial plateau at about 0.9 V. The discharge capacity fades quite quickly after the
first cycle.

(i) First discharge curve
(ii) Second discharge curve
(iii)First charge curve
(iv) Second charge curve

1400
-1\

Capacity ( m A h g " )

Fie. 5-6 Thefirsttwo cycle curves of Sn0 2 /Li coin test cell
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Fig. 5-7 Discharge capacity of S n 0 2 produced by spray technique compared with
commercial Sn02 powders.

The discharge capacity of S n 0 2 m a d e by spray pyrolysis compared with commercial
Sn02 powders is shown in Fig. 5-7. It reveals that nano-structured particles prepared by
the spray technique had similar electrochemical properties to 61nm commercial nano-

particles and better cycle capacity than 10 urn ones. The reason for this is proposed to b
the Li alloying mechanism. It is believed that the chemical activity of nano-structured
Sn02 particles is higher and that the Sn-0 bond is stronger than in micron-structured
Sn02. So the formation of Li20 is more difficult for nano-structured Sn02, which could
improve the initial capacity and cycle ability.
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Tin oxides are thought (Courtney and Dahn, 1997) to have a two step reaction with
lithium:

Sn02 + 4Li+ + 4e • 2Li20 + Sn

Sn+xLi+ < • LixSn (0<x<4.4)

The initial step involves the irreversible reduction of the tin oxide to tin metal particl

in a lithium oxide matrix. The second step is the reversible alloying of the Li+ into the t
metal. In addition, tin oxides are stable in air and non-aqueous electrolytes. However,
the reduction of the Sn02 with Li to metallic Sn and Li20 during the first cycle and the
very large change in volume during charge and discharge causes internal damage to the
electrode and an irreversible conversion reaction resulting in a significant loss of
capacity (Courtney and Dahn, 1997).

5.3.3 Electrochemical properties of carbon added Sn02

The capacity of Sn02 electrodes fades quite quickly after the first cycle due to a
reduction/replacement reaction. It was reported that Sn02 is reduced during the first
discharge to form fine particles of Sn and inactive phases like Li20, which slows the
growth of Sn (Courtney and Dahn, 1997). This limits the potential of Sn02 anode
materials in a wide field of applications. In order to improve the cycle life performance
of Sn02) carbons (initially sugar) were added.
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Carbon S n 0 2 composite powders were obtained by spraying tin chloride with
appropriate amounts of sugar added to the precursor solutions. Well mixed carbon Sn02
composite can be fabricated with in-situ spray pyrolysis by using well-dissolved
precursor solution, so that the products are more homogeneous than with other
traditional methods. Fig. 5-8 illustrates the cycle life properties of carbon added Sn02
electrode compared with pure Sn02 electrodes. It was found that the discharge capacity
of carbon added Sn02 was maintained above 250 mAhg"1 after 80 cycles. This result
could have a significant effect on investigations of graphite metal oxides as anode
materials for lithium secondary batteries.
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Fig. 5-8 S n 0 2 carbon added composite capacity compared with S n 0 2 single-phase nanostructured particles prepared by spray technique at 700°C
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5.4 Summary

Electrochemical properties of various nano-structured oxide ceramics (C03O4, CoO, NiO,
Sn02 and carbon Sn02 composite) were investigated, after preparation by the in-situ
spray pyrolysis technique. For nano-structured transition-metal oxides (C03O4, CoO,
NiO), electrochemical performance was poorer than suggested by reports in Nature,
which is thought to be caused by the formation of SEI. For Sn02 and carbon added Sn02
anode, better cycle life properties were found using the in-situ spray technique. The
improvement of Sn02 carbon composite gives it strong potential as an alternative anode
material for lithium secondary batteries. The in-situ spray pyrolysis technique is the
most suitable method to produce these materials, since it can use universal welldissolved precursor solutions.
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CHAPTER 6 GENERAL CONCLUSIONS

Spray pyrolysis is a versatile technique for producing various nano-crystalline materials
in a wide range of compositions, sizes and morphologies. Particles synthesized by the
spray pyrolysis technique have controlled characteristics which include size,
morphology, and composition. In the present work, various nano-structured MO oxide
ceramics (C03O4, CoO, NiO, Sn02 and carbon Sn02 composite) were successfully
prepared by the in-situ spray pyrolysis technique. The effects of the precursor, the
temperature and the sintering time on the nano-crystallinity, morphology, phase
composition, and specific surface area parameters of MOs and their electrochemical
properties as promising anode materials for lithium secondary batteries were intensively
investigated. The existence of nano-structured CoO phase was also confirmed by
DTA/TGA, and the Time/Temperature phase diagram of the cobalt oxides has been
determined via differential thermal and thermo-gravimetric (DTA-TGA) analyses. Good
agreement was achieved in the investigation of MO (M = Co, Ni and Sn) nanocrystalline lattice parameters, which were compared with the reported values in the PDF
database. Thus, nano-structured MO powders were confirmed to have cubic (Co304,
CoO, NiO) or dipyramid tetragonal (Sn02) structures. Co304, CoO, NiO, Sn02 and Sn02
carbon composite nano-structured particles prepared by in-situ spray pyrolysis are
promising materials for uses in many areas, including Li-ion rechargeable batteries.

For nano-structured transition-metal oxides (Co304, CoO, NiO), electrochemical
performance was poorer than suggested by previous reports in Nature, which is thought
to be caused by the formation of SEI. Better cycle life properties were found for carbon
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added S n 0 2 anode material prepared by the in-situ spray technique. S n 0 2 carbon
composite has strong potential as an alternative anode material for lithium secondary
batteries. The in-situ spray pyrolysis technique is the most suitable method to produce
these materials, since it can use universal well dissolved precursor solutions.

For future studies, it appears to be promising to use in-situ spray pyrolysis to prepare (a)
various graphite metal oxides as anode materials and (b) some cathode materials like
LiCo02 for lithium secondary batteries, as well as some alternative materials like
LiNixCoi.x02. Graphite metal oxide composites have been considered as promising
alternative anode materials, because they have good electrochemical properties. Two
types of layered cathode materials LiMxCoi_x02(M = Ni, Al, etc.) and LiMxMni.x02 (M
= Co, Ni, Cr, Al, etc.) have been explored and corresponding preparation techniques
have been developed. These new cathode materials are expected to have better
electrochemical properties than LiCo02. The in-situ spray pyrolysis technique is
suitable for industrial production of nano-structured materials and versatile in preparing
powders with controlled densities and surface areas using universal precursors.
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BET

Brunauer-Emmett-Teller gas sorption technique

DMC

Dimethyl carbonate

DMP

Dimethyl phthalate

DTA-TGA

Differential thermal and thermo-gravimetric analyses

EC

Ethylene carbonate

HRTEM

High resolution transmission electron microscope

nm

Nanometer

PVDF

Polyvinylidene fluoride

SEM

Scanning Electron Microscope

TEM

Transmission electron microscope

Wt%

Weight percent

XRD

X-ray diffraction
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